Ground arrays for ultra-high energy cosmic ray detection based on water-Cherenkov stations or scintillator modules are unavoidably limited by the saturation suffered by the counters closest to the shower axis. Reducing to a negligible level the amount of events with saturated detectors is mandatory to unambiguously record the highest energy events and to decrease the systematic uncertainties affecting the measurements. The Surface Detector Array of the upgraded Pierre Auger Observatory includes 1660 water-Cherenkov stations covered by a 3.8 m 2 plastic scintillator plane. The impact point of the extensive air shower, its arrival direction and the lateral distribution of particles at the ground can be reconstructed exploiting the recorded signals and their timing. The stations will use new electronics that will process signals from both the tanks and the scintillators with increased quality. The addition of an extra small photomultiplier in each surface station and suitable photomultipliers with very large linearity in the scintillator detectors will allow us to extend the dynamic range to more than 32 times the largest signals currently measured. We describe the chosen technical solutions and discuss the expected performance of the detectors, which will be able to measure non-saturated traces as close as a couple of hundred meters to the shower core.
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AugerPrime extended dynamic range Antonella Castellina S(1000) resolution for events without (black) or with at least one saturated station (red) and using the recovery procedure (empty).
Introduction
Extensive air showers with energies above 3 EeV are measured in the Pierre Auger Observatory Surface Detectors (SD) by recording the signals and arrival times of the secondary particles reaching the ground, which spread over a large area of more than 15 km 2 .
The Cherenkov light produced by the secondary particles in each water-Cherenkov detector (WCD) is collected by three large 9 inch photomultipliers (Photonis XP1805), from now on LPMTs, which are individually sampled and digitized by FADC in two overlapping ranges with different resolutions. The dynamic range of the measurement varies from few photoelectrons in the stations very far from the shower core and from the low energy muon signals used to calibrate the detectors, to hundreds of thousands in the station closer to the core. When the impact point of the shower at the ground is close to a detector, the dynamic range of the recording electronics is smaller than required to record the Cherenkov signal produced by the particles. The largest particle density measurable before signal saturation is not only constrained by the acquisition electronics (e.g. anode FADC overflow) but, more substantially, by the limited extension of the LPMTs linear range, which deviates from linearity for peak currents in excess of ∼50 mA. Conservatively assuming a maximum current of 40 mA, this value is well matched via standard 50 Ω termination resistors by the 2 V input range of the front-end digitizers. A recovery procedure is currently implemented to estimate the signal in case of saturation [1] , thus allowing to include the saturated stations in the lateral distribution function fits with consequent improvements in energy estimation.
An example of the lateral distribution of an event produced by a vertical 100 EeV proton is illustrated in Fig. 1 where the signal size is expressed in VEM (Vertical Equivalent Muon, i.e. the average signal from a vertical muon crossing the WCD).
Both the saturated signals and the recovered ones are shown for the stations closest to the shower core. Due to the current limited information, the accuracy of the recovered signals larger than 10 4 VEM can be worse than 70%. An accuracy as good as 15% in the measured signals can only be obtained with a detailed knowledge of the individual PMT responses in the non-linear region (a non feasible solution, which needs a measurement of the deep saturation curve of each
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of the 5000 PMTs and the monitoring of their properties in time). It is important to note that the expectation value of the SD energy estimator S(1000) is not affected by having a station with a saturated signal in the event, only the reconstruction resolution is worsened to some extent. The resolution in the reconstructed S(1000) is related to the uncertainty in the knowledge of the lateral distribution function. Due to the choice of a specific lateral distribution function, a systematic uncertainty of less 4% is induced on S(1000), at 10 19.5 eV, for events without saturated stations. On the contrary, as shown in Fig. 2 , this value increases to 8% if one of the signals is saturated and only a limited correction to ∼6% can be obtained by applying the recovery procedure.
The AugerPrime extended dynamic range
A substantial upgrade of the Pierre Auger Observatory (AugerPrime) [2] is underway with the main goal of improving the mass determination of primary cosmic rays in the suppression region, above 10 19.5 eV. For this purpose, all the water-Cherenkov detectors of the existing surface array are equipped by a 3.8 m 2 , 1 cm thick scintillator plane. Owing to their different response to the muonic and electromagnetic components of the extensive air showers, these new detectors will provide a complementary measurement of the shower particles at the ground.
The surface detector electronics has been redesigned with faster sampling ADC channels, powerful FPGA, and better timing accuracy [3] to enhance the local trigger and processing capabilities and to allow the acquisition of both water-Cherenkov and scintillator detector signals.
In particular, the SD data quality will be improved by extending the acquisition dynamic range in both detectors, thus allowing to measure non-saturated signals at distances as close as 250 m from the shower core. In order to benefit the most from the combined information of the SSD and the WCD signals, the dynamic range of both detectors should be similar. Significant signals are expected close to the shower core and also at intermediate distances, where the simultaneous measurements will be most important for the separation of the different components of the shower, furthermore allowing a direct cross-check of the two detectors.
An engineering array of 12 stations, fully equipped with scintillators and new electronics has been deployed in the field and has been taking data since October 2016.
Extended dynamic range of the water-Cherenkov detectors
When exposed to the same photon density, photomultipliers with photocathode of different size (operated at the same gain) will produce output signals proportional to their sensitive surfaces. Similarly, the introduction of an additional photomultiplier with small diameter in each surface detector can largely reduce the occurrence of saturated signal in the stations closest to the shower axis. This solution increases the linear operative range of the water-Cherenkov Detectors with limited changes to the station mechanics and electronics and without interfering with their standard operation. The small photomultiplier (hereafter SPMT) can be easily installed in the station by exploiting an unused and easily accessible 30 mm diameter window on the Tyvec bag containing the hyper-pure water of the surface detectors, avoiding any changes on the tank mechanical structure.
Different photomultipliers from various companies have been considered and tested. The final choice of the Hamamatsu-R8619 photomultiplier was the best compromise between performance
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AugerPrime extended dynamic range Antonella Castellina and price. Its active area is only 1/100 of the XP1850 (LPMT), potentially allowing for an equivalent dynamic range extension. Adjusting the gain, the ratio R = S LPMT /S SPMT can be limited to a value of 32, enough to allow for a linear range extension of the dynamic range up to 2×10 4 VEM. The optimal R value is initially setup for each SPMT by a preliminary and fast procedure exploiting intense light pulses by the LED onboard each station. This setting almost completely eliminates the occurrence of saturated signals also at the highest energy.
The SPMT anode signal is read and digitised by the new AugerPrime electronics with a dedicated input, analogous to those for the LPMTs at lower resolution. Being the single muon signal (1 VEM) too small to be detectable by the SPMT, the absolute scale in physical units is obtained by cross-calibrating the SPMT and LPMT signals in the overlapping region, as shown in Fig. 3 (red dots) for one of the AugerPrime engineering array stations. A dedicated trigger selecting small local showers is set up to this aim, furthermore imposing a minimum threshold of ∼80 VEM on the LPMTs to guarantee a reasonably large signal on the SPMT, not affected too much by statistical fluctuations. The distribution of Fig. 3 is then fitted in the region of superposition of the two PMTs (excluding the LPMT saturation) to obtain the slope, i.e. the calibration value to convert to VEM the integrated charge of the SPMT.
The SPMT gain is tuned by this automated procedure only during the first 24 hours following the installation; successively the value of the slope is continuously monitored and its value updated in the offline data analysis. Indeed a variation of the slope with the temperature is expected, as the temperature dependence of the gain is accounted for in the calibration of the LPMTs only.
The charge spectrum for a single station of AugerPrime is shown in Fig. 4 , as measured by the standard LPMTs (blue histogram for the anode channel) and by the SPMT (red histogram for the unsaturated SPMT; in cyan, the few values where the SPMT is saturated too). The dynamic range is extended from ∼10 3 VEM to few ∼10 4 VEM obeying the power law behaviour expected for the distribution of the signal from individual stations.
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Extended dynamic range of the scintillator detectors
Each surface scintillator detector (SSD) consists of two identical modules made of extruded plastic scintillator bars, read by U-shaped 1.0 mm wavelength-shifting (WLS) fibers. A single photomultiplier is optically coupled to a bundle collecting the 48 fibers from both the modules and integrating the total signal of all bars. This configuration combines extreme simplicity with excellent performance/cost balance, giving both a satisfactory light yield of ∼30 phe/MIP (photoelectrons per minimum ionizing particle) and an acceptable spatial non uniformity (±10%).
Care is required in the choice of the best photomultiplier for this application, because of the requirement on the dynamic range. For consistency with the associated water-Cherenkov detector, it must in fact span from the signal of a single particle, as needed for calibration, to large signals, up to ∼2×10 4 MIP. The Hamamatsu R9420 photomultiplier (8 stage, 1.5 inch bialkali photocathode) has been chosen in the baseline design based on its excellent linear response also when operated at low gain. The tube is in fact linear within 5% for peak currents up to 160 mA (for a gain of 8×10 4 ), as shown in Fig. 5 . In the electronics front-end, the R9420 anode signal is filtered and split in two in a similar way as the signals from the standard LPMTs of the surface stations. To reach the required dynamic range after the splitting, one of the two signals is attenuated by a factor of 4, while the other is amplified by a factor of 32 [3] . The SSD calibration is based on the signal deposited by a minimum ionising particle (MIP) crossing the detector. About 40% of the calibration triggers of the water-Cherenkov stations produces a corresponding MIP in the scintillator. The statistics of calibration events recorded in a minute, corresponding to the standard calibration interval for the water-Cherenkov detectors, is therefore enough to obtain a precise measurement of the MIP.
An example of the relation between the signals in one of the water-Cherenkov stations and in the corresponding scintillator is shown in Fig. 6 , exploiting the recordings of 4 months of data taken by the engineering array of AugerPrime. Both scales are expressed in physical units: the SPMT response is calibrated in VEM and the scintillator photomultiplier in MIP as discussed before. The dynamic range in the surface detector is nicely covered by the LPMTs up to the saturation (black
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AugerPrime extended dynamic range Antonella Castellina dots) and then extended to the highest particle densities by the SPMT (red dots) up to the highest particle densities measured by one detector of AugerPrime.
Expected physics performance
A large set of simulations of air showers induced by primary protons with energy between 3 and 100 EeV (based on the CORSIKA code [4] ) has been generated to to demonstrate the benefits of the extended dynamic range.
The broadening of the dynamic range by more than a decade is highly expected to record an event above 10 20 eV unambiguously, with full signals in all stations. Due to the limited dynamic range of the LPMTs and old electronics, the probability of having at least one saturated station (the closest to the shower core) per event was steadily increasing with energy, reaching ∼30% at 10 19.5 eV, as shown in Fig. 7 (red dots) . In AugerPrime, thanks to the SPMT installation, this probability is basically zero in the whole range (black dots).
As demonstrated above in Fig. 6 , the dynamic range is increased by more than one decade in both the water-Cherenkov and the scintillator detectors, thus helping in unambiguously separating the shower components in all stations and to cross check the two measurements, which are affected by different systematic uncertainties.
A comparison of the signals measured at different distances to the shower core is shown in Fig. 8 for different energies in the case of the LPMTs (coloured circles) and of the SPMT (black circles) for the same air showers. Complete signals could be measured at the highest energies (above 10 19.5 eV) only above ∼500 to 600 m from the shower core. With the increased dynamic range, we will be able to measure the lateral distribution function of the showers down to distances as close as 250 to 300 m from the shower core; below this distance, the uncertainty in the core position would anyway limit the usefulness of the measurements. We will thus be able to test the modelling of the lateral distribution function in a range of distances never before explored at these ultra high energies and to study the shower components in the region where most of the energy is deposited. The signal variance in the extended dynamic range interval will be reduced significantly, being dominated by the calibration uncertainties (see Fig. 2 ). Event selection based on cuts in energy will be more accurate and flux corrections of the energy spectrum due to resolution-dependent migrations will be smaller.
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The complementarity of the techniques employed in AugerPrime will allow us to efficiently separate the two main components of the air showers at the ground, namely the electromagnetic and the muonic ones. Exploiting the fact that the ratio between the two components is more than a factor two higher in the unshielded scintillator slab than in the water-Cherenkov detector, the muonic signal can be derived on a station-by-station basis. On the other hand, an analysis based on shower universality ( [5] and references therein) allows us to correlate the detector signals at different lateral distances, taking also advantage of the temporal structure of the signal measured in the detectors. In the latter, a parametrization of the signals is expressed as a function of the air shower macro parameters, e.g. the depth of shower maximum X max or the muon content relative to a reference model R µ .
As shown in Fig.9 , the universality method allows us to reconstruct an unbiased X max with an energy dependent resolution of ∼50 g/cm 2 to ∼20 g/cm 2 , with a spread smaller for iron induced showers as compared to proton induced ones, when using only non saturated events. The same conclusion can be drawn for R µ : the resolution in the relative number of muons stays below 10% at all energies if saturation is cured.
An engineering array of 12 stations has been deployed in the field and has been taking data since few months [6] . In Fig. 10 we show the lateral distribution of one of the measured events, reconstructed with E = 1.59×10 19 eV and arrival direction θ = 16 • . For the station closest to the shower core (here at 153 m) both the saturated signal from the LPMTs and the full signal from the
AugerPrime extended dynamic range Antonella Castellina SPMT are shown.
Summary
The dynamic range of the AugerPrime upgrade of the Pierre Auger Observatory has been extended to particle densities as high as few thousand per m 2 , thus allowing us to measure full signals from all the stations of the air shower footprints at the ground down to a distance of about 250 m from the shower core.
A small diameter PMT has been added to this aim in the water-Cherenkov detectors, while a PMT with suitable range has been chosen for the scintillators. They have been deployed in the engineering array of AugerPrime and their data are now under scrutiny. The first results confirm the effectiveness of the choice and the expected behaviour of the measurements.
